We study how the the Earth's magnetosphere responds to the fluctuating solar wind conditions caused by two different amplitude interplanetary coronal mass ejection (ICME) events by using the Grand Unified Magnetosphere-Ionosphere Coupling Simulation (GUMICS-4). ICME events are known to drive strong geomagnetic disturbances and thus generate conditions that may lead to saturation of the cross-polar cap potential (CPCP). The two ICME events occurred on 15-16 July 2012 and 29-30 for the 2014 event. We examine how the Earth's space environment dynamics evolves during both ICME events covering both global and local perspectives. To validate the accuracy of the GUMICS-4 simulation we use satellite data from several missions 10 located in different parts of the magnetosphere. It is shown that the CPCP saturation is affected by the upstream conditions, with strong dependence on the Alfvén Mach number.
interplanetary counterparts of coronal mass ejections (CMEs), gigantic eruptions of plasma and magnetic field from the Sun, and it is now firmly established that ICMEs also drive the strongest geomagnetic disturbances (e.g., Gosling et al. (1991) ; Huttunen et al. (2002) ; Richardson and Cane (2012) ; Kilpua et al. (2017a) ). The signatures of ICMEs at 1 AU have been debated since their first observational evidence: High helium abundance (Hirshberg et al., 1972) , high magnetic field magnitude and low plasma beta (Hirshberg and Colburn, 1969; Burlaga et al., 1981) , low ion temperatures (Gosling et al., 1973) , and smooth 5 rotation of the magnetic field Burlaga et al. (1981) . While there have been attempts to form a universal set of signatures to describe ICMEs (Gosling, 1990; Richardson and Cane, 2003) , they vary significantly such that no single set of criteria are able to describe all the ICME events, and none of them are unique to ICMEs. For example, only one third to one half of all the ICMEs have a magnetic flux rope (or a magnetic cloud) (e.g. Gosling, 1990; Richardson and Cane, 2003) , whose signatures combine enhanced magnetic field, reduced proton temperature, and the smooth rotation of the magnetic field over an interval 10 of a day (Burlaga et al., 1981) . While magnetic clouds are the most studied part of ICMEs due to their significant potential to cause large space weather storms, their relationship to the entire ICME sequence still pose many questions (e.g., Kilpua et al. (2013) ). Moreover, if the ICME is sufficiently faster than the surrounding solar wind plasma, a shock is formed ahead of the ICME (Goldstein et al., 1998) , with a region of compressed solar wind plasma between the leading shock front and the magnetic cloud, that is referred to as the sheath.
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The two regions, sheath and ejecta, are the most distinctive parts of ICMEs (see e.g. Kilpua et al. (2017b) ), which both can drive intense magnetic storms (e.g. Tsurutani et al. (1988) ; Huttunen and Koskinen (2004) ). Sheaths and ejecta, however, have clear differences in their solar wind conditions and consequently differences in the solar wind -magnetosphere coupling (Jianpeng et al., 2010; Pulkkinen et al., 2007; Kilpua et al., 2017b) . The reasons behind this different response is currently not fully understood. ICME sheaths typically include high solar wind dynamic pressure and fluctuating IMF direction, with both 20 northward and southward orientations occurring within a short time period (Kilpua et al., 2017b) . The duration of the sheath is also typically shorter than the following cloud, for example in their study Zhang et al. (2012) obtained the average values of 10.6 and 30.6 hours for sheaths and clouds, respectively. Sheaths are known to enhance high-latitude ionospheric currents (Huttunen and Koskinen, 2004) , and they are found to have higher coupling efficiency than clouds (Yermolaev et al., 2012) .
The clouds typically enhance the equatorial ring current (Huttunen and Koskinen, 2004) . 25 Due to potential for strongly southward IMF orientation ICME magnetic clouds provide periods of the enhanced magnetospheric activity. Moreover, during cloud events due to the combination of generally high magnetic fields and low plasma densities, the solar wind Alfvén Mach number M A can reach quite low values and even close to unity. The role of M A for solar wind -magnetosphere coupling has been highlighted in recent studies (Lavraud and Borovsky, 2008; Lopez et al., 2010; Myllys et al., 2016 Myllys et al., , 2017 . In particular, the role low M A conditions typical to ICME magnetic cloud for the saturation of the 30 ionospheric cross-polar cap potential has been a subject of several studies(e.g. Ridley, 2005 Ridley, , 2007 Lopez et al., 2010; Wilder et al., 2015; Myllys et al., 2016; Lakka et al., 2018) .
Global MHD models have been extensively used to study the effects of ICMEs on the magnetospheric and ionospheric dynamics. A recent paper by Kubota et al. (2017) studied the Bastille Day geomagnetic storm event (July 15, 2000) driven by a halo CME that erupted from the Sun on July 14. They found that the inclusion of auroral conductivity in the ionospheric part 35 2 Ann. Geophys. Discuss., https://doi.org/10.5194/angeo-2018-81 Manuscript under review for journal Ann. Geophys. Discussion started: 13 July 2018 c Author(s) 2018. CC BY 4.0 License.
of the global MHD model by Tanaka (1994) led to the saturated CPCP without any effect on the field-aligned currents, thus suggesting a current system with a dynamo in the magnetosphere and a load in the ionosphere.
In this study we use GUMICS-4 (Janhunen et al., 2012) , the global MHD simulation, and consider two ICME events, one being significantly stronger in terms of the solar wind driver. The comparisons include the subsolar magnetopause position, the amount of energy transferred from the solar wind into the magnetosphere, the CPCP, and the magnetic field magnitude within 5 the inner part of the magnetosphere. We pay special attention to the magnetic clouds within the ICMEs by using two different spatial resolutions. This paper is structured in a following way: Section 2 describes GUMICS-4 global MHD code, characteristics of the two ICME events, and the executed simulations, Section 4 presents the main results from global and local perspectives, followed by discussion and conclusions. 
GUMICS-4 Global MHD Simulation
The simulations in this study were executed using the fourth edition of the Grand-Unified Magnetosphere-Ionosphere Coupling Simulation (GUMICS-4), in which a 3D MHD magnetosphere is coupled with a spherical electrostatic ionosphere (Janhunen et al., 2012) . The finite volume MHD solver solves the ideal MHD equations with the separation of the magnetic field to a 15 curl-free (dipole) component and divergent-free component created by currents external to the Earth (B = B 0 + B 1 (t)) (Tanaka, 1994) . The MHD simulation box has dimensions of 32 ... -224 R E in X GSE direcion and -64 ... +64 R E in both Y GSE and Z GSE directions, while the inner boundary is spherical with a radius of 3.7 R E . In order to make the computations feasible on a single processor, GUMICS-4 uses temporal subcycling and adaptive cartesian octogrid. The former reduces the number of MHD computations an order of magnitude while maintaining the local Courant-Friedrichs-Levy (CFL) constraint (J.L. Lions, 20 2000, p. 121 -151) . The latter ensures that whenever there are large gradients, the grid is refined thus resolving smaller-scale features especially close to boundaries and current sheets.
The ionospheric grid is triangular and densest in the auroral oval while in the polar caps the grid is still rather dense, with about 180 km and 360 km spacing used in the two regions, respectively. The ionosphere is driven by field-aligned currents, and electron precipitation from the magnetosphere, as well as by solar EUV ionisation. Field-aligned currents contribute to the 25 cross-polar cap potential through
where J is current density, Σ is the height-integrated conductivity tensor, φ is the ionospheric potential, V n the neutral wind caused by the Earth's rotation, j || is the field-aligned current, and b ·r is the cosine of the angle between the magnetic field directionb and the radial directionr (Janhunen et al., 2012) . Electron precipitation and solar EUV ionisation have contributions 30 on the height-integrated Pedersen and Hall conductivities with solar EUV ionisation parametrized by the 10.7 cm solar radio flux that has a numerical value of 100 × 10
. Electron precipitation affects the ionospheric electron densities, which are calculated at different altitudes and are used when computing the height-integrated Pedersen and Hall conductivities. The details on the ionsopheric part of GUMICS-4 can be found in Janhunen and Huuskonen (1993) .
The region between the MHD magnetosphere and the electrostatic spherical ionosphere is a passive medium where no currents flow perpendicular to the magnetic field. The magnetosphere is coupled to the ionosphere using dipole mapping of the fieldaligned current pattern and the electron precipitation from the magnetosphere to the ionosphere and the electric potential from 5 the ionosphere to the magnetosphere. This feedback loop is updated every 4 seconds.
GUMICS simulations of two ICME events
We use both 0.5 and 0.25 R E maximum spatial resolutions as well as varying dipole tilt angle in this study. Two complete ICME periods were simulated using 0.5 R E resolution by starting with nominal solar wind conditions preceding the events, and ending with nominal conditions following the events. To give GUMICS-4 magnetosphere time to form Lakka et al. (2017) , 10 the simulations were initialized with two hours of constant solar wind driving using upstream values equal to those used during the first minute of the actual simulation.
Due computational limitations, using the best maximum spatial resolution (0.25 R E ) covering both ICME events with full length is not feasible. Hence two additional runs were performed with 0.25 R E maximum spatial resolution in order to gain a more detailed view of the dynamics of the magnetosphere and ionosphere when the ICME magnetic cloud was propagating 15 past the Earth. These runs lasted 6 hours each, and were executed by restarting the 0.5 R E runs with enhanced resolution. Table   1 summarizes all four simulation runs related to the study.
Observations of two ICME events
We retrieve the solar wind data from the NASA OMNIWeb service (http://omniweb.gsfc.nasa.gov) and the solar energetic particle data from the NOAA NCEI Space Weather data access (https://www.ngdc.noaa.gov/stp/satellite/goes/index.html) for 20 the two ICME events studied here. Onset times for the ICME sheath (i.e., the shock time) and the magnetic cloud boundary times are retrieved from the Wind spacecraft ICME catalogue (https://wind.nasa.gov/ICMEindex.php). The time of the ICME shock, and the start and end times of the ICME are marked with vertical red lines in both figures. The gray-shaded regions indicate the time periods simulated with the maximal 0.25 R E spatial resolution. Both IMF and plasma flow velocity components are given in GSE coordinate system.
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Figure 1 shows the arrival of the leading shock at 18:53 UT on July 14, 2012 as the simultaneous abrupt jump in the plasma and magnetic field parameters and the following ICME sheath as irregular directional changes of the IMF and compressed plasma and field. The energetic particle fluxes for the two lower energy channels increase until after the shock passage, which suggests continual particle acceleration in the shock driven by the ICME. At 06:54 UT on July 15, the onset of the ICME magnetic cloud is identified by the turning of the IMF orientation to strongly southward, the number density reducing significantly and the clear decrease in the variability of the magnetic field. During the next 45 hours the IMF direction stays strongly southward and it rotates slowly towards less southward orientation. We note that in the trailing part of the ICME the field changes rather 5 sharply to northward orientation and there continues to rotated to south. We cannot rule out that this end part is not another small ICME, but as our study focuses on the strong southward magnetic fields in the main part of the ICME we do not consider the origin of this end part further here.
The ICME on April 2014 was slower than the July 2012 ICME and its speed is very close to the ambient solar wind speed.
Hence, no shock, nor clear sheath developed ahead of this ICME. The onset of the ICME related disturbance is marked by 10 the increased plasma number density followed by a rapid decrease and a clear southward turning of the IMF at 20.38 UT on April 29 (Figure 2 ). The lack of shock is also supported by the lack of energetic particle fluxes above background. The very beginning of this cloud may contain some disturbed preceding solar wind (the region of higher density and fluctuating field), but we do not separate it in this study as a sheath and focus our study on the effects of the cloud part.
Both magnetic clouds are featured with low Alfvén Mach number. In the 2012 case M A falls even below unity and is 1.9 on ).
During the two ICME events, data from the Cluster 1 (hereafter Cluster) and Geotail satellites were available from the CDAWeb service (https://cdaweb.sci.gsfc.nasa.gov/index.html/). At the start of the 2012 event, Geotail resides in the plasma sheet, but quickly moves to the boundary layer (roughly July 10 14, 16:00 UT to July 15, 06:00 UT), after which it enters the lobe as the cloud proper hits the magnetosphere. At around the time of the end of the data gap towards the end of July 16, the spacecraft moves to the low latitude boundary layer and the magnetosheath (supported by the plasma data not shown here).
At the start of the 2012 event, Cluster is near perigee recording field values close to those of the dipole. Cluster exits the ring current region around 16:00 UT on July 14, and enters the plasma sheet. A brief encounter in the lobe is recorded between 15 roughly 18:00 UT July 15 and 06:00 July 16. A second period in the inner magnetosphere commences around 12:00 UT on July 16, with exit to the lobe after 00:00 UT July 17 (supported by the plasma and energetic particle data not shown here).
Analysis

Global dynamics
Figures 6 resolution show slight outward motion of the magnetopause, which toward the end of the period is less than that predicted by the Shue model. On the other hand, the 0.5 R E resolution run shows inward indentations followed by outward motion consistent with the Shue model. Overall, the 0.5 R E resolution run is 58% of the time within 10% of the Shue model, and the 0.25 R E resolution run agree 67% of the time within 10% of the Shue model. Over the entire periods, the 0.25 R E run is within 10% of the Shue model 92% of the time, while the 0.5 R E run reaches within 10% 89% of the time.
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After the increase of the IMF B Z from -16 nT to -14 nT during the first hour, hours from 22 to 01 feature steady IMF B Z and slightly fluctuating solar wind dynamic pressure (figures 6a-6b), while the last 2 hours the conditions change, with IMF B Z increasing gradually and the dynamic pressure dropping below 0.5 nPa. In these conditions, the Shue model predicts the magnetopause nose to move sunward, as does GUMICS-4, albeit the accuracy of the predictions depends on the used resolution.
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The higher-resolution run yielded better agreement with the magnetopause location, because increasing the spatial resolution sharpens the gradients and allows better identification of the location of the maxima (Janhunen et al., 2012) . Comparison of the runs shows, however, that the results are consistent with each other, indicating that the lower-resolution run is providing similar large-scale dynamics as the finer-resolution run.
Differences between the simulations in local measures, such as the magnetopause nose position, do not show in global variables,
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such as the total energy through the dayside magnetopause surface. As can be seen from Figure 6d , the curves of the two different spatial resolution runs are almost identical. This emphasizes the interpretation that integrated quantities, such as energy, which give a better representation of the true physical properties of the magnetosphere in the GUMICS-4 solution,
are not dependent on grid resolution (Janhunen et al., 2012) . We acknowledge that using more sophisticated methods for computing the magnetopause surface could potentially lead to more accurate results. The Shue model was however used since 20 it is relatively easy to apply and also because most of the large-scale variations with respect to the measurements occur in the nightside magnetopause, which is neglected in this study. In addition, our results are mostly of the same order of magnitude compared to what was obtained by Palmroth et al. (2003) by using plasma flow streamlines for computing the magnetopause surface from GUMICS-4 results.
The magnetosphere -ionosphere coupling, however, here illustrated by the CPCP time evolution in Figure 6e demonstrates 25 differences between the 0.25 R E and the 0.5 R E runs, with the higher resolution run producing 20-30% higher CPCP than the lower resolution run during the first three hours after the 0.25 R E run has stabilized, which happens within 10 minutes after July 15, 21:00 UT. During the last 3 hours, the CPCP predicted by the 0.5 R E run increases significantly to almost reach the high-resolution run cross-polar cap potential. This coincides with the time when the magnetopause has moved further away from the Earth in the simulations. The expansion of the magnetosphere is also verified by the Shue model.
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The time evolution of the magnetopause position in Figure 7 is similar regardless of the used spatial resolution, with both 15 Figure 8a shows the obvious result that highest E Y values are associated with highest IMF magnitudes. However, it also shows that the largest IMF magnitudes are associated with the non-linear regime, indicating that strong upstream driving leads to the CPCP saturation. In addition, Figure 8b suggests that the increase of the CPCP in the linear regime is clearly higher for lower velocity values (cloud structure), than for higher velocity values (sheath and nominal conditions). Generally, this agrees with the previous studies utilizing statistical (Newell et al., 2008) and numerical (Lopez et al., 2010) tools. The latter authors 20 suggest that this is caused by the solar wind flow diversion in the pressure gradient-dominated magnetosheath; faster solar wind will produce more rapid diversion of the flow around the magnetosphere, and thus smaller amount of plasma will reach the magnetic reconnection site. Wilder et al., 2011; Myllys et al., 2016) and in simulation studies (Lopez et al., 2010; Lakka et al., 2018) . values for the lowest E Y bin is associated with the large density enhancement driving polar cap potential increase before the arrival of the cloud proper. Figure 10 shows the region 1 and region 2 field-aligned current (FAC) system as an indicator of the coupling of the magnetosphere and the ionosphere (e.g. Siscoe et al. (1991) ). The four panels show how field-aligned currents are distributed in the northern hemisphere ionosphere in July 16, 2012 at 01:00 UT and 03:00 UT at 0.5 R E maximum resolution (figures 10a-10b) 5 and at 0.25 R E maximum resolution (figures 10c-10d). Current density is shown both as color coding and contours, while the white dotted line depicts the polar cap boundary. Prior to the arrival of the sheath region in the 2012 event, Geotail enters the plasma sheet boundary layer earlier than predicted by GUMICS-4. During the sheath there are many dips and peaks in both plots, with the difference between measured (both Geotail and Cluster) and predicted values varying, as can be seen from figures 4a and 4b. Also, Figure 4a shows that starting from July 17, 00:00 UT the in-situ value in Geotail orbit increases as the satellite goes to the magnetosheath proper, while
Local dynamics
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GUMICS-4 prediction decreases as the orbit track in GUMICS-4 approaches the shock region (see Figure 3a ). The 2014 event shows similar features especially when Geotail enters and exits the magnetosphere at 23:14 UT, April 28, and at 12:00 UT, April 30, respectively, with measured (by Geotail) |B| in the former case fluctuating and rising sharply from 10 nT to 40 nT while the predicted |B| increases more steadily from a few nT to 20 nT as the satellite enters from the magnetosheath to the magnetosphere. In the latter case decrease (increase) of measured (simulated) |B| occurs several hours after the spacecraft exits 20 the magnetosphere (later grey-shaded region in Figure 5a ) possibly because of the inaccuracies in defining the moment of exit.
Note that while Cluster makes an entry into the magnetosphere at 16:12 UT, April 29, GUMICS-4 predicts a position within the magnetosheath and an entry into the magnetosphere only following the end of the cloud.
Note that the Cluster perigee (2 R E ) (Figure 4c ) is below the inner boundary of the GUMICS-4 simulation (3.7 R E ), which causes the simulation field to record unphysical values around the time of the maximas at 09:00 on July 14, 2012 and 15:00 on
25
July 16, 2012, and hence there are data gaps in GUMICS-4 data plots.
The effect of the ICME sheath is visible after the onset of the sheath in Figure 4 , with both measured and predicted |B| fluctuating. The ICME magnetic cloud proper seems to cause largest difference in |B| during the 2012 event, when the driving was quite strong.
Discussion
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In this paper we study how the magnetosphere responds to two ICME events with different characteristics by means of using the GUMICS-4 global MHD simulation. The 2012 event was stronger in terms of solar wind driver, the 2014 event being significantly weaker both in terms of solar wind speed and IMF magnitude. We considered both global and local parameters, including magnetopause nose position along the Sun-Earth -line, total energy transferred from the solar wind into the magnetosphere, and the ionospheric cross-polar cap potential (CPCP). Local measures include response of the magnetic field magnitude along the orbits of Cluster and Geotail spacecraft. The two ICME events were simulated using 0.5 R E maximum spatial resolution. To test the effect of grid resolution enhancement on global dynamics, we simulated 6 hour subsets of both 5 CME cloud periods with 0.25 R E maximum spatial resolution.
The magnetopause location changes in response to solar wind driving in the GUMICS-4 results is dependent on the driver intensity: Stronger driving during the 2012 CME magnetic cloud leads to larger differences as compared to the (Shue et al., 1997) (2012) . As it is the maximum value of J Y that we use to locate the magnetopause nose, the nose position evaluation in the lower resolution runs is more ambiguous both due to the larger spread of the current and due to the larger grid cell size.
This may lead to changes in the maximum value up to several R E over short time periods in response to upstream fluctuations.
In the finer resolution runs, J Y distribution is sharper, which leads to lesser fluctuations in the maximum value determination.
However, the differences between the two grid resolutions occur only under rapidly varying solar wind or very low solar wind 25 density conditions.
The empirical models developed by Shue et al. Shue et al. (1997 Shue et al. ( , 1998 are based on statistical analysis of large number of spacecraft measurements of plasma and magnetic field during magnetopause crossings. While the Shue et al. (1997) model is optimized for moderate upstream conditions, the Shue et al. (1998) targets especially stronger driving periods. However, we computed the difference in the magnetopause position between the two models and found that it is mostly less than 0.1 R E
with maximum difference of 0.4 R E , with Shue et al. (1997) model predicting more sunward magnetopause nose. Because of the small difference at the magnetopause nose, we have only used Shue et al. (1997) model in our study.
Differences in the magnetopause location do not necessarily translate into differences in global measures, as can be seen from figures 6d and 7d, which show the time evolution of the energy transferred from the solar wind through the magnetopause surface. The response of the total energy E tot during both ICME cloud periods is quite similar regardless of the used grid resolution. As an integrated quantity, energy entry is a better indicator of the true physical processes of GUMICS-4 solution and does not suffer from dependence on grid resolution like the maximum J Y (Janhunen et al., 2012) . Therefore, in analyses of simulation results, it would be better to consider such global integrated quantities, even if they have no direct observational counterparts.
In the ionosphere, the cross-polar cap potential value is dependent on the grid resolution, with higher resolution yielding higher 5 polar cap potential values. However, typically, the time evolution is similar for both resolutions. As can be seen in Figure 6e , the difference between the two resolution runs can be up to 30% during the first 4 hours of the 6 hour stage, until the CPCP obtained from the 0.5 R E resolution run starts to increase and eventually catches the 0.25 R E resolution run at 03:00 UT.
Similar evolution is absent during the 2012 event ( Figure 7e ). Thus, at least two factors contribute to the ionospheric coupling:
Grid resolution and intensity of solar wind driving.
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The polar cap structure and the distribution of the FAC do not change much in either of the simulations, thus suggesting that the coupling of the magnetosphere and the ionosphere remains relatively constant. As is shown in figures 10a-10b, the region 1 currents are clearly visible, while the region 2 currents get stronger only by enhancing the grid resolution in the MHD region Janhunen et al. (2012) . However, the upstream conditions change considerably from 01:00 to 03:00, with the upstream Alfvén Mach number decreasing from 1.9 to 0.6, suggesting that polar cap potential saturation mechanisms is likely to take place 15 (Ridley, 2007; Wilder et al., 2015; Lakka et al., 2018) . We therefore conclude that the increase of the CPCP during the 0.5 R E simulation run is caused by processes outside of the magnetosphere, likely in the magnetosheath, and that GUMICS-4 responds differently to low Alfvén Mach number solar wind depending on grid resolution. The saturation of the CPCP is absent in Figure 9 due to the significantly weaker solar wind driving during the 2014 event (the upstream E Y is below 4 mV/m). This in turn leads to the upstream Alfvén Mach number to be on average 5.8 during the ICME cloud event. Lavraud and Borovsky (2008) suggests that when the Alfvén Mach number decreases below 4 and the overall magnetosheath plasma beta (p/p B , where p is the plasma pressure and p B the magnetic pressure) below 1, the
Ann. Geophys. Discuss., https://doi.org/10.5194/angeo-2018-81 Manuscript under review for journal Ann. Geophys. Discussion started: 13 July 2018 c Author(s) 2018. CC BY 4.0 License. magnetosheath force balance changes such that plasma flow streamlines are diverted away from the magnetic reconnection merging region in the dayside magnetopause (Lopez et al., 2010) , which causes the CPCP saturation. However, the CPCP saturation limit of M A = 4 is not necessarily the only governing parameter, as there is both observational evidence with large M A values (up to 7.3) (Myllys et al., 2016) and simulation results indicating saturation at low but above M A = 1 values (this study). Nonetheless, our results suggest that the saturation of the CPCP is dependent on the upstream M A in such a way that 5 M A needs to be below 4 for the saturation to occur.
An interesting aspect is that the CPCP does not reach its maximum simultaneously with E Y , i.e. the CPCP is largest with moderate E Y (5-6 mV/m) (see Figure 8) . As E Y increases to 11 mV/m, the CPCP decreases from 70 kV to 40 kV. This is actually apparent in Figure 1h as well:
The absolute values of both B Z and V X reach their maximum values a few hours after the onset of the magnetic cloud, which is at 6.54 UT, July 15. However, the CPCP is at that time quite moderate, about 40 10 kV, and does not reach its maximum until July 16, when both B Z and V X have already reduced significantly. Thus the CPCP overshoots in Figure 8 , a feature that was not observed in a GUMICS-4 study by Lakka et al. (2018) using artificial solar wind input consisting of relatively high density and constant driving parameters.
The performance of GUMICS-4 was put to test by means of comparing the magnetic field magnitude |B| to in-situ data of Cluster and Geotail satellites. We conclude that ICME cloud period leads to largest differences in |B| between measured and 15 in-situ data especially during high solar wind driving. Furthermore, during high driving, the magnetopause location estimates may not be sufficiently accurate to cause differences in the observed satellite position and GUMICS-4 prediction within/outside the magnetosphere.
Conclusions
The results of this paper can be summarized as follows:
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(1) Enhancing spatial resolution of the magnetosphere in GUMICS-4 affects the accuracy of the determination of the the magnetopause subsolar point. Some global measures, such as energy transferred from the solar wind into the magnetosphere, are not affected. However, the cross-polar cap potential can be affected significantly, with up to over factor of 2 difference between simulations using different spatial resolutions for the magnetosphere.
(2) Our results show signs of cross-polar cap potential saturation during low upstream Alfvén Mach number thus agreeing with 25 previous studies.
(3) Overall time evolution of the magnetic field magnitude |B| observed by Cluster and Geotail is similar to that predicted by GUMICS-4, although GUMICS-4 generally overestimates the field magnitude. The largest differences emerge during the ICME magnetic cloud, when the solar wind driving is particularly strong. MeV, and f) the cross-polar cap potential from GUMICS-4. Vertical red lines indicate onset of the ICME sheath/magnetic cloud or the end of the ICME event. Grey background shows which part of the ICME event is simulated using both 0.25 and 0.5 RE as a maximum spatial resolution.
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